The Transient Reactor Test (TREAT) facility at the Idaho National Laboratory currently utilizes a legacy Zircaloy-3 cladding, which is no longer commercially available. TREAT is air cooled and routinely operates at temperatures well above that of traditional reactor designs. This study investigates the oxidation behavior of pure zirconium and its alloys (Zircaloy-3, Zircaloy-4, Zr-1Nb, Zr-2.5Nb) in Ar+20%O 2 and N 2 +20%O 2 atmospheres at temperatures ranging from 400-800°C to determine which alloy should be implemented as TREAT's cladding. While the oxidation behavior of zirconium based cladding materials has been extensively documented, this study focuses on direct comparison between legacy Zircaloy-3 and contemporary alloys using a flat plate geometry and similar conditions seen at the TREAT facility. In this work, thermogravimetric analysis was used to measure both steady state and breakaway oxidation, which was then used to calculate oxidation rate constants and activation energies of each material. Oxide thickness was evaluated through microscopy of oxidized specimen cross sections. The Zircaloy-3 and Zr-1Nb alloys were found to be the most resistant to oxidation under the conditions of this study, whereas the Zr-2.5Nb alloy was found to be the most susceptible.
Introduction
The Transient Reactor Test (TREAT) facility, located at the Idaho National Laboratory (INL), is designed to provide safety data on various fuel designs during simulated transients varying between mild upsets to severe accidents. TREAT was decommissioned in 1994; however, it was reinstated to operational status in November of 2017. The core is being converted from a highly enriched uranium (HEU) core to a low enriched uranium (LEU) core, thus the structural materials used in the original core are being re-evaluated. TREAT's maximum operating temperature is limited by the rapid oxidation of the zirconium alloy cladding at high temperatures in air [1] . Due to this restriction, TREAT is designed such that the fuel core (including the zircaloy cladding) does not exceed a maximum temperature of 600°C in normal transients with a design basis accident limit of 820°C. Additionally, TREAT is air cooled. Nitrogen present in air has been shown by previous work to act as a catalyst for the oxidation reaction, resulting in faster oxidation kinetics and the formation of a more porous oxide when compared to oxidation in pure oxygen or steam [2] [3] [4] [5] [6] [7] [8] . Once the oxide reaches a critical thickness it cracks, creating a direct pathway for oxygen to reach the metal surface resulting in a transition from parabolic to faster oxidation kinetics [9] . This transition is termed "breakaway". The resulting oxide is porous and cracked, compromising the mechanical stability of the cladding.
It is fairly well documented that the pre-breakaway regime during zircaloy oxidation is a diffusion limited process (controlled by the diffusion of oxygen anions) during which a dense oxide layer is formed [10] [11] [12] [13] . The post-breakaway regime is controlled by the nucleation and growth of nodules at the metal/oxide interface. In the breakaway regime during corrosion in air, it is thought that three reactions take place: (1) Cracks begin to form in the dense ZrO 2 layer and ZrN and ZrO 2 form at the metal oxide interface, (2) ZrN is oxidized and the volume change results in cracks in ZrO 2 , (3) nitrogen can become trapped between ZrO 2 and α-Zr(O) and form ZrN, which is then oxidized resulting in further cracking and oxidation [10, 11, 13] .
While some research has been reported on the characterization of https [2, 3, 14] . Their results conclude that the oxidation kinetics in Zry-4 are faster than in M5® both before and after breakaway oxidation when tested under the same experimental conditions with similar sample geometries. Steinbrük et al. investigated isothermal and non-isothermal oxidation of Zry-4 tubes in oxygen, air, and nitrogen from 800-1480°C using thermogravimetric analysis (TGA) [6] . They found that Zry-4 tubes exhibit faster oxidation kinetics in air than in pure oxygen or nitrogen. Additionally, breakaway occurred earlier in samples oxidized in air and the resulting oxide was more porous. The authors attribute the increased oxidation behavior to the formation and subsequent re-oxidation of ZrN. The work demonstrated here provides a direct comparison of the oxidation behavior of Zry-3, Zry-4, Zr-1Nb, Zr-2.5Nb, and pure zirconium with similar geometry and experimental conditions which will bridge discrepancies present in current literature. The results from the separate effects testing provide insight into the effect of nitrogen on the oxidation behavior of these zirconium-based alloys. The onset of breakaway oxidation and kinetics before and after breakaway are determined and the performance of the cladding materials is compared.
Experimental procedures

Specimens
The composition of the zirconium alloys used are shown below in Table 1 . Additionally, scanning electron microscope (SEM) images of the microstructure of the as received materials are shown in Fig. 1 . The Fe-rich precipitates found in Zry-3 are seen in the figure, however no precipitates were found in the other materials. The impurities present in the pure Zr are listed by the vendor (Goodfellow) in parts per million by mass as: Hf-(2500), O-(1000), C-(250), Fe-(200), Cr-(200), N-(100), H- (10) . The materials were received in sheets of varying thickness (T) as listed in Table 1 . The thickness of the pure Zr was 0.5 mm. Prior to oxidation, samples were machined from the sheets using electronic discharge machining (EDM). Zry-3, Zry-4, Zr-1Nb, and Zr had the dimensions 10.1 × 7.5 mm and Zr-2.5Nb had the dimensions 9.3 × 4.4 mm (due to the size of the original sheet of material received). Before oxidation experiments, the native oxide present on the samples was removed on all six surfaces by grinding with 800 and 1200 grit SiC paper. The samples were then sonicated in a 1:1:1 solution of acetone:ethanol:DI water and dried before loading into the simultaneous thermal analyzer (STA).
Table 1
Composition (wt%) of zirconium alloys presented here. Zry-3, Zry-4, and Zr-1Nb are typical compositions for these alloys [9] . The composition from Zr-2.5Nb was provided by the manufacturing company. 
Fig. 1.
Backscatter SEM images of the as received microstructure of the materials investigated.
Fig. 2.
Image showing the custom sample setup for the TGA. The platinum sample carrier is loaded with a notched alumina crucible to minimize contact between the sample and crucible while maximizing the surface area exposed to the oxidizing gas.
Oxidation experiments
All oxidation experiments were performed in a NETZSCH STA-449 F3 Jupiter with thermogravimetric analysis (TGA). The 20-hour isothermal and non-isothermal experiments were completed in two different oxidizing atmospheres: 80% N 2 +O 2 (air) or 80% Ar+O 2 (oxygen). A custom notched alumina crucible was used to hold the plate sample upright in the furnace, maximizing the surface exposed to the experimental gas while minimizing the contact between the sample and the crucible, as shown in Fig. 2 .
During the non-isothermal oxidation experiments, specimens were individually heated to 940°C at a rate of 20°C/ min , held for 10 min to allow the temperature to equilibrate, and cooled back down to room temperature at 20°C/ min . The 20-hour isothermal oxidation measurements were collected at temperatures ranging from 400-800°C. Specimens were individually heated to the temperature of interest at 20°C/ min with 100 mL / min of ultra-high purity (UHP) argon cleaned with a thermal oxygen getter (OG). After reaching the setpoint temperature the oxidizing gas (either air or oxygen) flowed at 100 mL / min for 20 h. The specimen was then cooled to room temperature in 100 mL / min of UHP-OG argon at 20°C/ min .
Post test characterization
After oxidation, macro images were taken of each sample. The samples were then sectioned with a slow speed saw, mounted in epoxy, polished to 1 µm in a diamond slurry, and imaged with optical microscopy. The cross section of each sample was used to measure oxide thickness every 100 µm, resulting in approximately 80 measurements per sample, which were used to calculate average oxide thickness and associated standard deviation.
To quantify the onset of the breakaway transition, tangent lines were fit to the mass gain data before and after the transition from parabolic to linear kinetics. The intersection of the two lines was considered the breakaway time at each temperature. The mass gain data was normalized to the initial sample surface area and used to assess the oxidation kinetics and determine the activation energy of each sample before and after breakaway.
Results
Oxidation behavior
The results of the normalized non-isothermal thermogravimetric data are summarized in Fig. 3 . Experiments done in pure nitrogen resulted in minimal mass gain consistent with the findings of Steinbrück et al. [6] . Samples heated in oxidizing conditions start experiencing rapid mass gain between 500-700°C. It is interesting to note that the zirconium alloys with Sn and Fe (Zry-3, Zry-4) oxidize much faster in air than in oxygen, whereas this dependence on atmosphere is much less pronounced in pure Zr and zirconium alloys with Nb (Zr-1Nb, Zr-2.5Nb).
The 20-hour isothermal (400-800°C) oxidation results are summarized in Fig. 4 . The y-axis scales vary to best display the data. All the zirconium alloys undergo breakaway during oxidation above 700°C, whereas pure Zr experiences minimal oxidation up to 800°C. The Zr-2.5Nb oxidizes the most readily of all the materials at 600 and 700°C up to 20 h. However at 800°C, as seen in the inset of Fig. 4 , Zry-4 experiences breakaway almost immediately during oxidation in air which results in rapid oxidation. The difference between extent of oxidation in air and oxygen containing gases is minimal from 400-700°C but increases dramatically at 800°C for all alloys with largest deviations associated with the Sn and Fe based zirconium alloys, which is consistent with the non-isothermal behavior. In addition, Zr-1Nb and Zr-2.5Nb both begin to spall heavily during oxidation at 800°C in air. An important observation is that the accelerated corrosion effect of nitrogen containing air is most pronounced after breakaway for all materials tested in this study.
Macro images of specimens after 20-hour isothermal oxidation at 600, 700 and 800°C are shown in Fig. 5 . Cross-section images of Zry-4 after isothermal oxidation at 600 and 800°C in air and oxygen are presented in Fig. 6 to show the change in the oxide before and after the breakaway transition. From these images it seen that before samples undergo breakaway (<700°C for most alloys in this study), a dark and cohesive oxide is present. After breakaway, a thicker and non-protective oxide is present. In Zry-3 and Zry-4 the post-breakaway oxide has an orange color, while the post-breakaway oxide formed on the Nb alloys is primarily white (although a slight orange tint was observed on the corners and edges after 800°C oxidation). The Sn-Fe based alloys develop post-breakaway oxide first on the corners and edges as well as isolated nodules on the surface of the samples. The Nb alloys form a network of horizontal cracks on the surface, inside of which the white post-breakaway oxide forms. The effect of nitrogen on the oxidation behavior of the zirconium alloys is seen most clearly after oxidation at 800°C: oxidation in air results in a cracked oxide, while the oxide formed in oxygen remains comparatively cohesive. After oxidation at temperatures higher than 600°C, Zr-1Nb becomes mechanically deformed; which is likely attributed to these samples being thinner than the other alloys. During oxidation at 800°C in oxygen, Zr-1Nb becomes severely mechanically deformed and, in air, most of the sample has oxidized and spalled off. Additionally, an artifact of the positioning of the sample in the crucible is apparent in the Zr and Zry-3 specimens during oxidation at 800°C, as seen in the upper right side of Fig. 5 where an outline of the crucible is seen corresponding to reduced oxide growth.
The breakaway transition time and the oxide thickness of each alloy after 20 h of isothermal oxidation are summarized in Table 2 . As discussed with Fig. 4 , breakaway occurs more rapidly in samples oxidized in air compared to those oxidized in oxygen in all cases (except Zr-1Nb at 700°C and Zr-2.5Nb at 800°C where breakaway occurs only slightly sooner in oxygen). Additionally, as expected, the oxide formed in air is thicker than that formed in oxygen after breakaway (most notably for Zry-3, Zry-4, and Zr-1Nb). This is best illustrated in Fig. 7 , which shows oxide thickness versus isothermal oxidation temperature after 20 h. The difference in oxide thickness between oxidation in air or oxygen continues to increase rapidly with increasing oxidation temperature. However, it should be noted that the deviation associated with the oxide thickness measurements for samples that had reached breakaway was relatively high compared to those that had not reached breakaway due to the cracked nature of the oxide.
Discussion
Oxidation kinetics
The oxidation rate is related to the normalized mass gained during oxidation by the equation [12] : 
where W is the normalized mass gain, K is the oxidation rate constant, t is oxidation time, and n is the rate law identifier (i.e. n = 1 for linear n = 2 for parabolic oxidation behavior). The oxidation rate constant is determined for each alloy and isothermal temperature by fitting Eq. (1) to the data in Fig. 4 . The pre-and post-breakaway rate constants were determined separately, with pre-breakaway following parabolic (n = 2) oxidation behavior and post-breakaway following linear (n = 1) oxidation behavior. The activation energy of each alloy before and after breakaway is then determined via an Arrhenius equation according to:
where A is a constant, E a is the activation energy, R is the ideal gas constant, and T is the isothermal oxidation temperature. The ln(K) values obtained from Eq. (1) are plotted against 1 / T and are fit with a linear trend line. These plots before and after breakaway from oxidation in oxygen are shown in Fig. 8 and the values found for Eq. (2) are listed in Table 3 . Activation energy before and after breakaway are obtained from the slopes of these plots and listed in Table 4 .
Pre-breakaway
As previously mentioned, the oxidation of zirconium alloys typically follows parabolic or sub-parabolic kinetics until a transition (breakaway) occurs after which the kinetics become linear. After the initial adsorption of oxygen onto the surface of the metal, the parabolic (prebreakaway) regime is controlled by the diffusion of oxygen anions through the oxide layer [12] . It is suggested in literature that the prebreakaway oxidation mechanism is such that oxygen anions diffuse inward along crystallite boundaries in the oxide [9] . An inert marker experiment was performed on pure zirconium as well as all four alloys to determine if the same diffusion mechanism applies for all the materials investigated. A thin (50 µm diameter) gold wire was welded onto the surfaces of the samples prior to oxidation at 700°C in air and in oxygen for 140 min. Similar to literature, these experiments also suggested that an inward diffusion mechanism is present since the gold wire was found at the oxide/atmosphere interface in all cases. Although more studies would need to be done to confirm the exact oxidation mechanism, it is useful to know that the mechanism appears to agree with literature for all materials investigated.
The rate constants were determined by fitting the pre-breakaway regime with a parabolic fit, neglecting the initial oxidation of the bare metal (initial linear region of mass gain plot). The fitting parameters calculated by the method described in Section 4.1 are listed in Table 3 along with the R 2 value that describes the variance between the data and the fit. For all materials except for Zry-4, there are only two temperatures where a post-breakaway oxidation rate can be extrapolated. For these alloys, an R 2 value of 1 was found, indicating a perfect fit. This is an artifact of fitting two data points, thus the R 2 values are not Fig. 6 . Representative sample cross-sections after oxidation. The specimen shown is Zry-4 after oxidation in air and oxygen at 600°C and 800°C.
Table 2
Time to breakaway determined from isothermal oxidation experiments ( Fig. 4 ) and oxide thickness of pure zirconium, Zry-3, Zry-4, Zr-1Nb, and Zr-2.5Nb after 20hour isothermal oxidation in air and oxygen environments. reported. The calculated activation energies are plotted with values reported in literature in Fig. 9 . The pre-breakaway activation energies are similar between the two atmospheres (within approximately 20 kJ / mol ) for each alloy, further indicating that the presence of nitrogen in the oxidizing atmosphere does not significantly affect the prebreakaway oxidation regime. Additionally, the activation energies are similar to values reported in literature. Discrepancies between literature values can be attributed to the wide variety of sample geometry, experimental setup, and oxidizing atmosphere reported.
Post-breakaway
The cracks formed during breakaway ( Fig. 6 ) result in a direct path for oxygen to reach the metal surface, which has been shown to lead to accelerated oxidation kinetics. This transition is intensified by the presence of nitrogen in the atmosphere ( Fig. 4 and Table 2 ). It has been reported in literature that as oxygen is consumed within the cracks of the zirconium oxide, a nitrogen rich phase is formed [12, 15] . As the oxygen is refreshed, the ZrN is oxidized in a rapid exothermic reaction, which results in a volume increase and a porous, non-protective oxide [7, 12, 15] . This post-breakaway regime is best characterized with a linear rate law, where n = 1 in Eq. (1). The calculated activation energies for each material in the post-breakaway regime are listed in Table 4 where it is seen that the activation energies for oxidation in air are significantly higher than in oxygen.
Conclusion
The oxidation behavior of Zr, Zry-3, Zry-4, Zr-1Nb, and Zr-2.5Nb of similar geometry in 80%N 2 +O 2 (air) and 80%Ar+O 2 (oxygen) in the temperature range 400-800°C has been investigated and compared using thermogravimetric analysis. It has been observed that all four alloys exhibit the characteristic kinetic transition from parabolic to linear (breakaway) within 20 h during isothermal oxidation at 700 and 800°C. In all four alloys, the oxidation behavior is similar to what has been shown in literature; a dense protective oxide forms during prebreakaway oxidation while the post-breakaway oxide is much thicker, cracked, and less protective [9] [10] [11] .
Zr-2.5Nb was found to have most rapid oxidation kinetics of all the materials that were investigated and has similar oxidation rates in both air and oxygen. Zry-3 and Zr-1Nb were the most resistant to breakaway and had the slowest oxidation kinetics after breakaway. Zry-3, Zry-4, and Zr-1Nb had faster oxidation kinetics and thicker, more porous oxides after oxidation in air when compared to oxidation in oxygen. The Sn and Fe containing alloys were more sensitive to the oxidizing atmosphere than the Nb containing alloys and exhibited faster oxidation kinetics in air than in oxygen. The inert marker experiment confirmed that for all materials (including pure zirconium), the diffusing species is likely oxygen anions diffusing through the oxide to the underlying metal.
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Table 3
Constants and slopes obtained from Arrhenius fits (Eq. (2)) as described above. The Arrhenius dependence for zirconium and zirconium alloys before and after breakaway during isothermal oxidation in oxygen is shown in Fig. 8 .
Pre-breakaway
Post-breakaway Table 4 Calculated activation energies (E a ) of each alloy in air or oxygen compared to values reported in literature. Activation energies are calculated for pre-breakaway and post-breakaway regimes. 
